An experiment to verify the basic linearity of fisheries acoustics is described. Herring (Clupea harengus L.) was the subject fish. Acoustic measurements consisted of the echo energy from aggregations of encaged but otherwise free-swimming fish, and the target strength functions of similar, anesthetized specimens. Periodic photographic observation of the encaged fish allowed characterization of their behavior through associated spatial and orientation distributions. The fish biology and hydrography were also measured. Computations of the echo energy from encaged aggregations, derived by exercising the linear theory with the target strength functions of anesthetized fish and gross behavioral characteristics of encaged fish, agreed well with observation. This success was obtained for each of four independent echo sounders operating at frequencies from 38 to 120 kHz and at power levels from 35 W to nearly 1 kW. In addition to demonstrating the basic linearity of fisheries acoustics, the experiment verified both conventional acoustic measurements on anesthetized fish, at least for averaging purposes, and the echo integration method. Two simple theorems summarizing the meaning of linearity for use with the echo integration method are stated.
INTRODUCTION
Assessment of fish stocks by means of the echo integration method demands detailed knowledge about the backscattering cross section or target strength of fish.
• A popular means of acquiring such information is by direct measurement on anesthetized, stunned, or killed specimens. 2'3 While such measurements allow a high degree of control, the extent to which they are representative of free-swimming fish in the wild is unknown.
It was to resolve this matter for the important class of swimbladder-bearing fish that the present investigation was undertaken. In particular, it was hoped that the connection between measurements on anesthetized fish and measurements on encaged but otherwise free-swimming fish could be established unambiguously. Thus, recognizing that the two prominent extrinsic dependences of fish target strength are the orientation and depth-or depth-history-related state of the swimbladder, it was apparent at the outset that the one effect must be isolated from the other.
Given the distinguished history of attempts to elucidate depth-induced effects on the target strength, 4-6 which are still unclear, it was decided to avoid depth effects entirely by conducting all measurements near the surface, in the manner of R6ttingen7 and Nakken and Olsen. 3 Transferring fish from pens to the tilting suspension or net cage could then be accomplished swiftly, and the acoustic measurements commenced immediately upon positioning the fish or net cage in the center of the transducer beam. Naturally, the measurements would have to be made ventrally; but as the purpose of the experiment was verification of a methodology, and not derivation of target strengths to be applied directly to field measurements, this was no drawback. In fact, the configuration of ventrally executed measurements had everything t•o recommend it--from the principal advantage of being able to maintain the subject fish near the surface at all times, to the very practical advantage of precluding bubble entrapment by the transducers or their housings due to disturbances beneath them. In addition, if the ventral aspect measurements on the anesthetized fish were found to be representative of the encaged, free-swimming fish, then accompanying measurements of the dorsal aspect function could presumably be applied in survey work, given sufficient knowledge about the circumstances of fish occurrence.
For the sake of redundancy, the measurements were to be performed on each of two species, with each of four echo sounders operating at frequencies from 38-120 kHz and at power levels spanning a wide range. A large number of data were to be collected to establish possible forthcoming results with a high degree of confidence. In the event, the redundant design proved its worth, and useful data were collected in abundance.
individual echoes. 1'8-'13 If the process of reception is linear, then the equivalent received pressure field Prec is just Prec-•Prec, i, 
where no is the average number of fish detected per ping and (Gb :(r) is the ensemble average of Gb :(r. This is determined from the general distributional characteristics of the fish. In terms of the cumulative distribution function F,
where the subscripts attached to the integrand denote the length ! of the fish and other biological characteristics/3, such as species, condition when observed acoustically, and behavior insofar as social interactions may influence the fish as acoustic scatterers. The probability element dF shares these described dependences together with the suppressed position and orientation dependences of the fish when being observed.
Higher-order moments of the echo energy can be computed. These are important for understanding the nature of variations in observations of fish aggregations, but do not, in themselves, influence the mean value. Since it is the correctness of this first-order moment, as expressed by Eq. (5), which determines the success or failure of the echo integration technique, further statistical development of Eq. {3} is unnecessary here.
II. PROBLEM OF VERIFICATION
The gist of linearity in fisheries acoustics is expressed most succinctly in Eq. {5): given a sufficient number of acoustic observations on a fish aggregation, the mean density of sensed fish, or mean number per ensonification, can be estimated without bias. This consequence of linearity is a tenet of the echo integration method of estimating fish density, hence may deserve closer examination.
There is a mass of powerful, circumstantial evidence for the truth of Eq. To be convincing, these data must be gathered on a fish aggregation under nontrivial circumstances. Thus the aggregation density should be sufficiently high, or the duration of the ensonifying signal should be correspondingly long, so that fish echoes overlap and the correlation coefficient of Eq. {4) is not identically zero for all pairs of fish. Similarly, the ensonification frequency should be sufficiently high so that the phases of the overlapping echoes are not all identical, which would be equivalent to a unity correlation coefficient, another tautological situation. The frequency should also be sufficiently high so that echoes from individual fish are sensitive to their orientation. Within these limits, the potential complexity is great. This may incidentally explain why the only echo verification experiment considered by Swingler and Hampton, 19 in a refutation, involved tethered spherical polystyrene floats. Measurement of single-fish target strength functions was performed immediately before or after each series of encaged fish measurements. Thus, were the acoustic properties of the fish to change over long periods of time, this could not prejudice the ultimate comparison of observed and computed effective backscattering strengths derived in testing Eq. (5). Short-term variations in the acoustic properties of the encaged and anesthetized single fish, especially those due to depth adaptation, were avoided by performing the measurements at nearly the precise depth of fish holding in a pen. As this was shallow, the acoustic measurements were performed ventrally, as by R/Sttingen 7 and Nakken and Olsen, 3 for the respective encaged and single-fish measurement types.
Performance of both encaged and single-fish measurements on successive days eliminated the need for long-term maintenance of equipment calibration. Additional performance of the calibration at least several times each day, without adjustment of equipment parameters, allowed absolute measurements to be made at all times, freeing the experiment as much as possible from unknown effects of equipment. The hydrography was also performed daily, for long-term monitoting of conditions which could change the physical condition of the fish, hence measurement results.
Finally, a large degree of redundancy was employed throughout the measurements, which were performed on two different species with a number of different echo sounding systems operating at different frequencies and different power levels. The choice of herring (Clupea harengus L.) and pollack (Pollachiuspollachius (L.))was convenient for its representation of the two classes of swimbladder-beating fish, respectively the physostomes, which possess a duct between the swimbladder and alimentary canal, and the physoclists, which lack the same. Were depth adaptation or other behavioral modifications a problem with one species, then hopefully the very problem would be precluded by use of the other species. In any case, both kinds of acoustic measurements were performed with each species. The encaged fish measurements were performed at different times of the day, hence under different lighting conditions, over a range of densities. The single-fish measurements were conducted at similar times under similar conditions. 
F. Photographic equipment
This consisted primarily of an underwater television system: a Telemation 1100 camera with specially constructed underwater housing, Cosmicar 25 mm lens, video monitor, and video recorder. During the behavioral observations, the television camera was hung at the same 2.5 m depth as the center of the net cage, but at a distance of several meters. Since the camera could not be hidden with respect to all four transducers, owing to small, but in this context, significant differences, a compromise placement was found. For this, the camera produced very weak echoes with the EK-50 and EK-120 systems, but sizeable echoes with the EK-38 and EY-M systems. In order to make clean measurements at all frequencies, the camera was generally kept in a raised position beneath the float, being lowered periodically for the crucial simultaneous acoustic and behavioral observations.
V. METHOD
Seven different series of measurements on encaged aggregations of herring or pollack were performed over a three-month period. In the first two series, fish escaped at unknown times, invalidating these and necessitating repair and reinforcement of the net cage. In the fourth and seventh series, the only two series with pollack, depth adaptation was apparently a severe problem, for the fish adopted extreme orientations approaching the frontal and the caudal. The corresponding target strength measurements on anesthetized specimens were limited to tilt angles within about 50 deg of the horizontal, hence could not be applied in a test of the linearity hypothesis. The sixth series was performed at Large numbers of measurements on anesthetized fish were performed before, after, and between the encaged fish measurement series. These were performed in the conventional manner, with a configuration similar to that of Nakken and Olsen, 3 but with a tauter suspension system innovated by E. Ona and A. Raknes. Because of the unknown effect of confinement on the physical state of the fish, hence on their acoustic properties, only single-fish measurements performed within one day of the subject encaged fish measurements are included in the analysis.
The number of herring involved in the two kinds of measurements associated with the encaged fish measurement series are listed in Table II 
A. Mean echo energy Ave
The digital echo integrator was programmed to compute the energy in the total echo from the encaged fish aggregation. This was generally done in units of 500 pings, for which the variance was also computed. The mean and standard deviation were printed out on a typewriter/terminal at the end of each se•quence of 500 pings. In the analysis of the subject encaged aggregation series, the measured average echo energy due to the empty net cage and reverberation were subtracted from the computed means. For convenience, the noise-corrected total echo energy is expressed below in units of square centimeters, to represent, in a familiar manner, the total effective scattering strength of the aggregation. vidual pings were much larger, of course, but as a single datum is seldom significant in acoustics, the merging of data in 500-ping sequences was considered justified. According to Eq. (5}, the number of acoustically sensed fish can be estimated by dividing the average echo energy Ave by the theoretically derived ensemble average (Gb :•o'). This is done in Fig. 6. 
B. Number density no

VII. DISCUSSION
A. Linearity of fisheries acoustics
The linearity of fisheries acoustics is evident from the agreement shown in Fig. 5 . This is confirmed by goodne•sof-fit testing, with no calculated statistic being significant even at the 0.25 level. Similar results obtain if the theoretical computations are repeated for a common, density-independent behavior, which may be described by treating the data underlying Table III 
